Several mutations in human γD-crystallin (HγD), a long-lived eye lens protein, cause misfolding and 8 aggregation, leading to cataract. Surprisingly, wild-type HγD catalyzes aggregation of its cataract related 9 W42Q variant while itself remaining soluble -the inverse of the classical prion-like scenario whereby 10 misfolded polypeptides catalyze aggregation of natively folded ones. The search for a biochemical 11 mechanism of catalysis of W42Q aggregation by WT has revealed that WT HγD can transfer a disulfide 12 bond to the W42Q variant. The transferred disulfide kinetically traps an aggregation-prone intermediate 13 made accessible by the W42Q mutation, facilitating light-scattering aggregation of the W42Q variant.
Introduction 20
In vivo populations of many proteins exhibit conformational and chemical heterogeneity (Bah and largely unexplored, yet there is ample evidence that they can be significant (Bah and Forman-Kay, 2016; 32 Forman-Kay and Mittag, 2013; Walsh et al., 2005) . Perhaps the most spectacular case is the prion effect, 33 wherein polypeptides in an aggregation-prone conformational state can catalyze conformational 34 conversion and aggregation in the natively-folded polypeptides (Aguzzi and Calella, 2009 ). Specific 35 mutations or post-translational modifications can enhance or suppress these aggregation-promoting 36
interactions, e.g., in the ALS-associated enzyme superoxide dismutase 1 (Grad and Cashman, 2014) ; in β2-37 microglobulin, associated with dialysis amyloidosis (Karamanos et al., 2014) ; and the yeast prion Sup35 38 (Tessier and Lindquist, 2007) . 39 Intramolecular disulfides are crucial for the correct folding of many proteins that function in relatively 40 oxidizing environments, such as antibodies and hormones in the blood, transmembrane proteins, 41 digestive enzymes, as well as a wide variety of protein toxins (Creighton, 1988 Redox chemistry is known to be crucial for many proteins' aggregation pathways. These include 47 superoxide dismutase 1 (SOD1), associated with amyotrophic lateral sclerosis (Toichi et al., 2013) , as well 48 as β2-microglobulin, the amyloid-forming protein in dialysis amyloidosis (Chen and Dokholyan, 2005; 49 Smith and Radford, 2001). Disulfide scrambling is an important failure mode of therapeutic antibodies 50 (Trivedi et al., 2009 ) and may be involved in light-chain amyloidosis (Connors et al., 2007) . swapping is a particularly sensible mechanism for aggregation via disulfide-stabilized intermediate states, 52 and indeed this may play a role in serpinopathies (Ronzoni et al., 2016) . Dynamic disulfide exchange 53 among identical or nearly identical polypeptides has been only recently recognized, in the case of protein 54 disulfide isomerase (Oka et al., 2015) , and is likely to be found in other systems. 
, 2009). 59
The eye lens is a remarkable study in proteome aging, since the proteins in its core are never replaced. 60 Their eventual misfolding and aggregation leads to cataract disease -lens opacification due to light 61 scattering by the protein aggregates (Moreau and King, 2012b) . Crystallins in the lens core are highly 62 stable and soluble, resisting any long-range packing interactions, including formation of both native 63 (crystals) and non-native (amyloid or amorphous) aggregates (Serebryany and King, 2014) . However, they 64 accumulate damage over time, such as Cys and Trp oxidation, as well as deamidation, truncation, and 65 other changes Truscott, 2007, 2008 ; Hoehenwarter et al., 2006; Lampi et al., 2014) . One of the 66 most readily formed yet most consequential post-translational modifications that accumulate with aging 67 is formation of disulfide bonds. Cells of the human eye lens core lack nuclei or organelles and are 68 metabolically quiescent (Bloemendal et al., 2004; Wride, 2011) , so their cytoplasm gets more oxidizing 69 over time (Friedburg and Manthey, 1973) . Due to this lack of active metabolism, neither the redox 70 enzymes, nor the crystallins, which make up the bulk of the lens proteome, turn over (Michael and Bron, 71 2011; Shang and Taylor, 2004 We have previously reported (Serebryany and King, 2015) the surprising interaction between wild-type 96
HγD crystallin and its cataract-associated W42Q mutant, whereby the WT protein promoted the mutant's 97 aggregation in a temperature-and concentration-dependent manner without aggregating itself. We term 98 this catalytic-like effect of the WT protein as "inverse-prion" activity. In a separate study we found that 99 formation of an internal disulfide bond was crucial for the mutant protein's ability to aggregate 100 (Serebryany et al., 2016b) . Therefore, we explored the possibility that redox chemistry is involved in the 101 observed inverse-prion aggregation-promoting mechanism. 102
We found that fully reduced purified WT protein was inactive as an inverse prion. However, it could be 103 converted to the active form in vitro ( Figure 1B ) by a commonly used oxidizing treatment with a 1:3 104 mixture of copper(II) and phenanthroline (Careaga and Falke, 1992; Kobashi, 1968) . Reduction of the WTox. 105 sample with tris(2-carboxyethyl)phosphine (TCEP) inactivated it again ( Figure 1B) . Isotopically resolved 106 whole-protein electrospray mass spectrometry confirmed that the peak isotope mass of the WT sample 107 prior to oxidation was 20,605.9 Da., which precisely matches the weight predicted from the amino acid 108 sequence (20,605.8 Da.), and the overlap of isotopic distributions was also nearly perfect between the 109 theoretical and experimentally determined mass spectra ( Figure 1C) . The same experiment was carried 110 out on the oxidized sample whose activity was assayed in 1B, and the resulting molecular weight and 111 isotope distribution both precisely matched those predicted for the protein in the case of one 112 intramolecular disulfide bond per polypeptide ( -SH + -SH -> -S-S-, hence the loss of 2 Da.) following 113 the oxidizing treatment. Thus, the oxidation was highly specific, leaving the remaining four Cys residues 114 unaffected, and essentially quantitative under these conditions. 115 The native-state crystal structure of HγD ( Figure 1A) We therefore used site-directed mutagenesis to eliminate, one at a time, each of the six Cys residues on 137 the WT background. Simultaneous oxidation of WT and Cys-mutant proteins under identical conditions 138 showed no declines in inverse-prion activity, relative to WT, for any mutant except C108S and C110S, 139 which lost all or most of this activity ( Figure 1D) . Thus, the 108-SS-110 disulfide appeared to be crucial for 140 the inverse-prion activity. We were able to directly detect peptides containing this disulfide by LC/MS/MS 141 of chymotryptic digests of the oxidized protein ( lysozyme had no effect on W42Q (Figure 4) , despite the fact that lysozyme contains four disulfide bonds 195 per molecule. We interpret the difference as arising from the much higher accessibility and/or redox 196 potential of both the reversible Cys108-Cys110 disulfide in WT HγD and the GSSG disulfide as compared 197 to the structural disulfides in lysozyme. It is worth noting that disulfide geometry has a strong effect on 198 whether it is a catalytic or a structural bond (Cook and Hogg, 2013) , and that the close sequence-proximity 199 of Cys108 and Cys110 is likely to give it a strained, catalytic-like configuration ( formation reduced solubility of the monomer or reversibility of the aggregated state (perhaps via partial 217 intermolecular crosslinking). We also cannot rule out that 108-SS-110 in the mutant promotes formation 218 of the N-terminal disulfide under some conditions. Indeed, lower pH (pH 5) led to a dramatically different 219 behavior for the W42Q and W42Q/C110S mutants. When mixed with the oxidizing agent 220 copper(II)/phenanthroline, only the single-mutant aggregated at pH 5, whereas both did so at pH 7 ( Figure  221 SI 6). This difference suggests that Cys110 may retain its reactivity even at reduced pH; however, the 222 mechanism of aggregation, including any potential intramolecular disulfide transfer, under these 223 conditions remains to be investigated. 224
Since resolubilization of the aggregated state under mild conditions was incomplete, we also resolubilized 225 them in 5% SDS at 95 °C, pH5, and quantified the distribution of the number of free thiol groups per 226 molecule using a PEGylation gel shift assay similar to those reported in ( 
Oxidoreductase activity of HγD enables dynamic disulfide exchange among soluble HγD variants 254
The reversible C108-C110 disulfide of HγD bears similarity to the "C-X-C" motif of some thioredoxins and 255 disulfide isomerases, as well as the redox-switchable chaperone Hsp33 (Derewenda et Given the high abundance of HγD in the lens core (up to ~10 mg/ml), it could potentially act as a 262 supplementary redox buffer as glutathione levels are depleted with age. 263
To explore this possibility we incubated mixtures of HγD variants where one variant (or WT) started out 264 as fully oxidized at the 108-110 site, and the other with those two residues fully reduced. The typical pKa 265 of a Cys residue is ~8. Therefore, incubations were carried out either at pH 8 (permissive for thiol-disulfide 266 interchange) or at pH 5 (inhibiting interchange). Disulfide transfer was determined by quantifying the 267 distributions of the number of free thiols per molecule for each of the variants at the end of the incubation 268 via the PEGylation/gel-shift assay As shown in Figure 6 , when reduced WT protein was incubated with the 269 oxidized triple-mutant C18T/C41A/C78A (abbreviated CCC) at pH 5, the vast majority of each respective 270 polypeptide population was found at the migration positions expected for no disulfide exchange: the WT 271 protein retained six free thiols per molecule (hence the prominent 6xPEG band), while the oxidized triple 272 mutant had only one free thiol per molecule (hence the 1xPEG band). The band at 2xPEG was likely due 273 to incomplete reaction between the CCC(ox) construct and the labeling reagent. The corresponding 274 incubation mixture at pH 8 showed a significant decrease in the amount 6xPEG (WT) and 1xPEG (CCC(ox)) 275 bands and a concomitant increase in the 3xPEG and 4xPEG bands, attributable to formation of reduced 276 CCC mutant and oxidized WT, respectively. 277 In a parallel experiment, oxidized WT was incubated with reduced Y55A mutant -both constructs having 287 the full complement of six Cys residues -and the result was analyzed by whole-protein electrospray mass 288 spectrometry (Figure SI 7) . As expected, the isotopically resolved molecular weight distribution of the WT 289 population shifted upward as some of those molecules became reduced, which the mutant's shifted 290 downward, indicating oxidation. In a control experiment (Figure SI 7) (Figure 7) . These decreases were not observed in constructs lacking either Cys108 310 or Cys110, but were present in all other cases. The conformational strain disappeared upon mild 311 reduction, indicating that it was not due to any irreversible oxidative damage such as Met or Trp oxidation 312 (Figure SI 8) . The average downshift in DSF Tm attributable to the 108-SS-110 bond was 5.4 °C, with a 313 standard deviation of 1.8 °C. 314 78.5 ± 0.1 71.5 ± 0.1 434 ± 30 467 ± 7 ox.->red.
77.3 ± 0.2 81.6 ± 0.2 438 ± 6 754 ± 15 C18T/C41A/C78A stock 70.9 ± 0.8 73.5 ± 0.3 469 ± 42 791 ± 98 ox.
69.9 ± 1.4 66.2 ± 0.5 538 ± 74 435 ± 30 ox.->red.
70.5 ± 0.2 73.5 ± 0.1 438 ± 29 773 ± 29 However, the key to this "inverse prion" paradox turned out to be redox chemistry, rather than 383 conformational templating. The W42Q mutation, by partially destabilizing the N-terminal domain, enables 384 two Cys residues that are distant and buried in the natively folded N-terminal domain to become solvent-385 exposed and transiently approach each other (Serebryany et al., 2016b). We have found that a redox-386 active disulfide in the C-terminal domain of the WT protein can then be transferred to these newly 387 exposed N-terminal Cys residues in the mutant. The products of this bimolecular redox reaction are a 388 soluble, fully reduced WT molecule and a W42Q molecule bearing a non-native internal disulfide that 389 locks its N-terminal domain in an aggregation-prone intermediate state (Figure 8 ). whereas human and chimpanzee versions of γC have Ser110 instead. Thermodynamically, HγD is more 420 stable than HγC (Serebryany and King, 2014), and human lens proteomics has revealed that HγD persists 421 longer than HγC, at least in its soluble form, becoming the most abundant soluble γ-crystallin by age ~55 422 (Ma et al., 1998) . Thus, the apparent evolutionary switch of the Cys108-Cys110 pair from γC to γD might 423 be a consequence of increased lifespan of the organism. At the same time, it is worth noting that at least 424 one study identified other sequence-proximal disulfides in the γ-crystallins: the Cys78-Cys79 bond in HγC 425 and the Cys22-Cys24 bond in HγS . It is not yet known whether these bonds are 426 dynamic. Conversely, previous research also identified other non-native internal disulfides in cataractous 427 lenses, particularly in β-crystallins (Takemoto, 1997a, b) , as well as one such bond in the lens-specific 428 chaperone αA-crystallin, which appeared to diminish its chaperone activity as well as contribute to 429 aggregation (Cherian-Shaw et al., 1999; Takemoto, 1996) . More recently many disulfide bonds were 430 discovered in non-crystallin proteins in the lens (Wang et al., 2017) . It is possible that many of these long-431 lived lens proteins fall within the redox "hot potato" model we have proposed. 432
What, then, is the possible fitness benefit of these sequence-proximal and likely redox-active disulfides? 433 A possible explanation is that glutathione levels become depleted in lens tissue during the course of aging 434 (Friedburg and Manthey, 1973) , and the lens core gradually becomes impermeable even to glutathione 435 generated in the lens cortex or present in vitreous humor (Sweeney and Truscott, 1998) possibility that an enzymatic pathway in the lens core actively regulates the redox buffering capacity of 451 the crystallin proteome and may influence the age of onset of cataract. 452
Moreover, we have revealed a likely failure mode of such a protein-based redox homeostasis system: 453 while sequence-proximal disulfides are kinetically favorable, non-native ones are favored 454 thermodynamically due to their propensity to aggregate. Destabilizing mutations or modifications of the 455
HγD core, such as oxidation of Trp residues, may generate disulfide sinks analogous to the W42Q mutant. 456
In general, we propose a redox "hot potato" mechanism ( Figure 9 ) in which polypeptides with lower 457 kinetic stability (due to mutations or post-translational modifications) become trapped in aggregation-458 prone intermediate states and insolubilized as a consequence of accepting disulfides from more stable 459 variants. The result is, essentially, a kinetic stability competition among protein variants competent for 460 disulfide exchange, with the conformational "weakest link" variant driven into an aggregated state upon 461 receiving a disulfide. To participate in such a competition, the main features of the protein should be: (1) 462 ability to exchange disulfides -or perhaps other reversible modifications -under physiologically relevant 463 conditions; and (2) a folding landscape that contains aggregation-prone intermediates that become more 464 populated upon receiving the modification -in this case, a disulfide bond -effectively serving as a sink 465 for modified proteins. This process may have played a role in the evolution of the exceptional stability of 466 the γ-crystallins or other long-lived proteins. 467 Following lysis by sonication in the presence of DNase and lysozyme, purification was carried out by salting 493 out with ammonium sulfate as described (Serebryany and King, 2015) . The 50% ammonium sulfate 494 supernatant was dialyzed at 4 °C overnight against 4 L of sample buffer (10 mM ammonium acetate, 50 495 mM NaCl) to remove the ammonium sulfate. The dialysis step typically caused significant precipitation, 496 attributable to peptidoglycan contaminants. Following centrifugation, these samples were then further 497 scrubbed of lipids and peptidoglycans by passage through an anion-exchange column comprised of two 5 498 ml Q-Sepharose columns (GE Healthcare, Marlborough, MA) in tandem equilibrated in sample buffer. 499
Crystallins eluted in the flow-through. The ion-exchanged samples were concentrated using VivaSpin 500 Turbo 5K MWCO centrifugal filters (Sartorius, Goettingen, Germany), loaded onto a Superdex75 26x600 501 column (GE Healthcare), and separated at 2-3 ml/min flow rate at room temperature. Resulting fractions 502 were collected and stored at 4 °C. SDS-PAGE (Criterion, BioRad, Hercules, CA) was used to determine >95% 503 purity of the samples. Proteins with the W42Q mutation were often found to have a minor degradation 504 product at ~10 kD in the gel, but its presence did not noticeably affect the overall aggregation behavior. 505
Proteins were concentrated for storage at 4 °C to 100-500 μM; concentrations were determined A280 using 506
NanoDrop 2000 instrument (Thermo Fisher, Waltham, MA). 507
In-vitro oxidation to form the 108-SS-110 disulfide bond was carried out by mixing 20 μΜ CuSO4 and 60 508 μM phenanthroline (MilliporeSigma, Burlington, MA) in sample buffer at room temperature, to chelate 509 the copper, and then adding the protein to 20 μM final concentration. This mixture, typically in 5-10 ml 510 volume, was incubated at room temperature for 1-2 h in closed 15-ml conical tubes, followed by addition 511 of 1 mM EDTA and three rounds of dialysis through metal-free SpectraPor 7 dialysis membrane (Spectrum 512
Labs, Breda, The Netherlands) at 4 °C against sample buffer for at least 3 h at a time (at least once 513 overnight). The first round of dialysis included 1 mM EDTA in the sample buffer to fully chelate and remove 514 the Cu 2+ ions from the sample and avoid any copper-induced aggregation or oxidation during the 515 subsequent experiments (Quintanar et al., 2016) . To ensure that biochemical differences between the 516 oxidized and reduced samples were due to reversible oxidation, i.e., disulfide formation, oxidized samples 517 were subjected to mild reducing treatment -1 mM dithiothreitol for 2 h at 37 °C -generating the oxidized-518 >reduced (ox.->red.) controls. 519
Aggregation assays were carried out at 37 °C unless otherwise indicated, using half-area clear 520 polypropylene plates (Greiner Bio-One North America, Monroe, NC) in a PowerWave HT plate reader 521 (BioTek, Winooski, VT) in 100 μl volume without shaking. ~20% of the sample typically evaporated during 522 the course of the 3 h aggregation experiment. Resulting path length was approximately 0.5 cm, so the 523
reported turbidity values are expected to be ~50% lower than in the typical 1-cm path length 524 spectrophotometer cuvette. Aggregation occurred on a comparable time scale in other reaction vessels, 525 such as capped microcentrifuge or thermocycler tubes. 526
Differential Scanning Fluorometry was carried out using 1:1 mixture of sample buffer and sodium 527 phosphate (pH7, 100 mM) buffer in order to maintain neutral pH during heating, in 96-well format in a 528 CFX96 RT-PCR instrument (BioRad). 1X SYPRO Orange dye (Life Technologies, Carlsbad, CA) was added as 529 the hydrophobicity probe; control (no-protein) samples were subtracted. Temperature ramp was at 1 °C 530 / min between 25 °C and 95 °C. Melting temperatures were defined as the minima (rounded to the nearest 531 ° C) of the derivative of the empirically fit sigmoid functions in the CFX Manager software (BioRad). 532
Differential Scanning Calorimetry was carried out as reported previously (Serebryany et al., 2016b) , except 533 in pH5 buffer (20 mM ammonium acetate, 50 mM NaCl) to inhibit disulfide exchange during the course of 534 the measurement. Proteins were at 25 μM concentration. Samples were kept at 4 °C until immediately 535 prior to analysis, which ran from 25 to 95 °C. Each melting trace was fitted to a sum of two 2-state scaled 536 models using the NanoAnalyze software (TA Instruments, New Castle, DE). 537
PEGylation assays were carried out as follows. Samples were denatured for 5 min at 95 °C in pH5 buffer 538 (50 mM ammonium acetate) with 5% w/v SDS at [protein] of ~30 μM in a total volume of 10 μl per sample. 539
Once cooled to room temperature, 10 μl of pH8 buffer (100 mM sodium phosphate) was added to 540 neutralize, followed by 6 μl of 1 mM maleimide-conjugated polyethylene glycol, Mr ~5000 541 (MilliporeSigma) and 4 μl of 4X NuPAGE SDS-PAGE gel-loading buffer (Thermo Fisher). The reaction 542 mixtures were incubated at 50 °C for 2 h, then analyzed directly by SDS-PAGE with Coomassie stain 543 (Thermo Fisher). 544
Isotopically resolved intact mass determination was accomplished by electrospray ionization mass 545 spectrometry. The protein samples were analyzed on a Bruker Impact II q-TOF mass spectrometer 546 equipped with an Agilent 1290 HPLC. The separation and desalting was performed on an Agilent PLRP-S 547
Column (1000A, 4.6 x 50 mm, 5 µm). Mobile phase A was 0.1% formic acid in water and mobile phase B 548 was acetonitrile with 0.1% formic acid. A constant flow rate of 0.300 ml/min was used. Ten microliters of 549 the protein solution was injected and washed on the column for the first 2 minutes at 0%B, diverting non-550 retained materials to waste. The protein was then eluted using a linear gradient from 0%B to 100%B over 551 8 minutes. The mobile phase composition was maintained at 100%B for 1 minutes and then returned to 552 0%B over 0.1 minute. The column was re-equilibrated to 0%B for the next 5. Germany). Separation was achieved through applying a gradient from 5-27% acetonitrile in 0.1% formic 565 acid over 90 min at 200 nl/min. Electrospray ionization was enabled through applying a voltage of 2 kV 566 using a home-made electrode junction at the end of a Thermo Nano Viper 1200 75um x 550mm column. 567
The LUMOS Fusion was operated in the data-dependent mode for the mass spectrometry methods. The 568 mass spectrometry survey scan was performed in the range of 395 -1,800 m/z at a resolution of 6 × 10 4 , 569 with HCD fragmentation in the Fusion trap using a precursor isolation width window of 2 m/z. HCD 570
Collision energy was set at 32 volts; isolation window was 3 Da with 30k Orbitrap; resolution for MS2 571
EThCD scan was 200 milliseconds; activation time was 10 ms; AGC was set to 50,000. Ions in a 10 ppm m/z 572 window around ions selected for MS2 were excluded from further selection for fragmentation for 60 s. 573 WT(ox.) samples were treated with either chymotrypsin alone or the combination of trypsin and 574 chymotrypsin. Samples were not carbamidomethylated or reduced; rather, the pH of the digestion 575 mixture was kept neutral or below at all times so as to minimize disulfide scrambling, as in our previous 576 report (Serebryany et al., 2016b) . W42Q aggregates were pelleted by centrifugation at 12,000 x g for 5-577 10 min, rinsed with 3 ml of sample buffer, and then resuspended in pH5 ammonium acetate buffer. The 578 suspension was centrifuged again; the supernatant was collected as the "reversible" fraction, while the 579 remaining solid material was considered "irreversible." Both were then denatured in SDS (the irreversible 580 fraction could not be fully solubilized even in 5% SDS at 80 °C) and trypsinized using the S-trap method 581 (Protifi, Huntington, NY), with samples collected at 15, 45, and 90 minutes of incubation. Results were 582 analyzed using Comet software, and additionally verified by probability scores using PeptideProphet 583 software, with searches against the relevant subset of the cRAP database of common contaminants 584 (Mellacheruvu et al., 2013) , such as human keratins, within the Trans-Proteomic Pipeline. Only peptides 585 with probability scores >0.95 were included in the analysis. 586
Top-down proteomics were used to confirm disulfide assignments, using the same equipment as 587 described above. WT(ox.) sample was co-digested with chymotrypsin and GluC under incomplete-588 digestion conditions. Fragment MS1 spectra were deconvoluted by Maximum Entropy and assigned on 589 the basis of their molecular weight, as well as the weights of sub-fragments arising from in-source decay. 590 aggregated rapidly and to a substantial degree, suggesting that other Cys residues were able to 648 substitute for Cys110 at that pH. Kinetics of aggregation were temperature-dependent (note x-axes 649 scale). 650 
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